Objective: To study the long-term impact of stunting during infancy on maturation, growth and fat distribution in adolescence. Design: A cohort of 406 Senegalese adolescent girls of rural origin underwent clinical and growth assessments every year from 1995 to 1999. Subjects: Mean coverage rate was 82% at each round. Adolescent girls were 11.4 AE 0.5 y of age in 1995 and 15.5 AE 0.5 y of age in 1999. Their growth status during infancy was known. About 20% of the girls had a height ± age (H ± age) below À2 Z-scores (chronic malnutrition or stunting) when they were 6 ± 18 months of age. As adolescents, the girls were divided into two groups on the basis of H ± age: those stunted and those non-stunted during infancy. Measurements: Sexual maturation was assessed by stage of breast development and menarche. Height, body mass, sitting height, bi-iliac and bi-acromial diameters, and six skinfolds were measured. Results: Differences in sexual maturation between previously stunted and non-stunted girls were not signi®cant. Girls stunted at infancy caught up in body weight and subcutaneous fat mass during puberty, but they did not catch up on stature, sitting height or skeletal breadths (bi-acromial and bi-iliac diameters) until the ®nal observation in 1999. Stunted girls did not have less subcutaneous fat (sum of six skinfolds) or a lower BMI. Regional variation in subcutaneous fat distribution (Z-score pro®le) indicated greater accretion at the biceps and subscapular sites in stunted compared to the non-stunted girls. Regional fat distribution was also assessed by principal component analysis (PCA) performed on the residuals of the six skinfolds measured during the ®nal round (1999). PCA identi®ed three components. Stunted and non-stunted girls were similar for the ®rst (trunk ± extremity contrast) and second (anterior ± posterior contrast) components. However, there was a difference for the third component: stunted girls tended to accumulate more subcutaneous fat on the upper part of the body (trunk or arms) than nonstunted girls. Conclusion: Stunted Senegalese girls have a potential for catching up in growth during puberty. The greater accumulation of subcutaneous fat on the upper body in stunted girls may be a consequence of complex hormonal adjustments at the onset of puberty. Sponsorship: Institut de Recherche pour le De Âveloppement (IRD anciennement ORSTOM) and the Nestle Â Foundation.
Introduction
African populations, especially preschool-aged children, are exposed to malnutrition, and this may have a major effect on growth and development. Height retardation is regarded as an index of past and chronic malnutrition over a long period (Waterlow, 1972) . Height retardation leads to a reduction in ®nal stature, or stunting. Until now, most of the studies on chronically malnourished populations have been concerned with height and length retardation (Waterlow, 1988 (Waterlow, , 1994 , whereas other anthropometric dimensions have been less frequently considered (Billewicz & McGregor, 1982; Cameron et al, 1994) . However, the issue of long-term outcome of malnutrition resulting in stunted growth remains a matter of concern. A growing number of studies in poor third-world populations indicate an emergence of obesity andaor degenerative diseases (Martorell et al, 1998; Monteiro et al, 1995; Popkin, 1994; Sawaya et al, 1995) . Moreover, a link between mild stunting and obesity has been postulated in a society undergoing nutritional transition (Sawaya et al, 1998) . The waistahip ratio, an indicator of relative abdominal fatness, was elevated in Guatemalan adults who were stunted during childhood andaor who experienced poor growth in utero (Shroeder et al, 1999) . The authors concluded that a risk of abdominal obesity exists in malnourished populations undergoing a process of rapid economic development and urban migration.
Body composition, especially fat mass, could also be an important component and determinant of long-term outcome of stunting. Total fatness and regional fat distribution change during puberty. Boys gain more subcutaneous fat on both the trunk and extremities, while girls gain proportionally similar amounts of fat on both the trunk and extremities (Malina, 1996) . There also exists ethnic variation, with girls of Asian or Mexican origin having relatively more subcutaneous fat on the trunk than girls of European or African origin . During puberty, speci®cally just before menarche, girls accumulate overall fatness and subcutaneous fat. Though fatness is associated with advanced biological maturation, the relationship is not as strong (Beunen et al, 1994) , and the causal link between total fatness and menarche proposed by Frisch (1988) is doubtful (Malina, 1996) . However, sexual maturation and age at menarche in¯uence total fatness and regional fat distribution, and should be taken into consideration (Brown et al, 1996) . The timing of the growth spurt in¯uences changes in subcutaneous fat accretion (Malina et al, 1999) . During pubescence, especially surrounding the peak of height velocity, a complex pattern of increase and then decrease in subcutaneous fat has been described (Cronk et al, 1983a) . This phenomenon, sometimes termed the adolescent fat wave, may explain the poor tracking in fatness from childhood to adolescence (Baumgartner & Roche, 1988) , though continuity from adolescence to adulthood is somewhat greater (Cronk et al, 1983b) .
Interest in relative fat distribution lies in an increased risk of obesity, metabolic and endocrine disorders, hypertension or cardiovascular diseases in subjects with more subcutaneous or deep fat deposition on the trunk (Bouchard et al, 1993; Ducimetiere et al, 1986; Vague et al, 1980) . As a consequence, it is of primary importance to precociously identify people at risk of degenerative disease. Several studies on fatness and relative fat distribution during childhood and adolescence have been carried out in af¯uent countries (Baumgartner & Roche, 1988; Beunen et al, 1994; Malina et al, 1995; Van Lenthe et al, 1996) . Studies of relative fat distribution in developing countries, especially Africa, are rare. A recent study by Cameron and colleagues (Cameron et al, 1994) in rural South Africans showed that girls accumulate a greater amount of subcutaneous fat after peak height velocity, with the fat distributed equally between limbs and trunk. This observation was interpreted as adaptive since a positive energy balance is maintained at the beginning of reproductive life in a nutritionally deprived environment. A similar increase in body mass index and subcutaneous fatness after menarche has also been described in other African studies (Richardson & Wadvalla, 1977; Simondon et al, 1997) .
The objective of this paper was to describe growth and subcutaneous fat accretion in a sample of Senegalese adolescent girls of rural origin, whose anthropometric status during the ®rst 2 y of life is known. This paper considers changes in body size and subcutaneous fat distribution through mid-puberty.
Subjects and methods

Study area
The study was conducted in the Niakhar district of Senegal. It is a rural, Sahelian area located 150 km east of the capital city, Dakar. This area has had rather limited rainfall and persistent dryness since the 1970s. The inhabitants belong to the Sereer ethnic group. About 80% are Muslims, but the traditional vernacular religion (cult of ancestry or pangool) is still practised. Ninety percent of the 30 000 inhabitants are farmers, subsisting on millet and peanuts. Food crop production is mediocre, and women and young adolescents often go to the capital city to work during the dry season (Be Âne Â®ce et al, 1999).
Sample
In 1983 and 1984, all 0 to 4-y-old children in the district underwent a health and nutrition examination including anthropometry. The survey was organized in four rounds at 6 month intervals. The survey began in May 1983 and lasted until November 1984. In November 1984 4349 children were present in the area and 3749 were measured (coverage rate: 86.2%). For the four rounds the coverage rate was 88.5%. Of considerable interest for this sample was the fact that dates of birth of the babies are exactly known, since a systematic census and birth registration was set up in February 1983 (Garenne et al, 1987) . About 10% of the children died between 1984 and 1995 and 21% outmigrated. All subjects present during the survey who were still alive and who had not out migrated were measured again in 1995 (Simondon et al, 1997) . Since 1995, the younger girls in the sample, who were born in 1983 and 1984, have been measured every 6 months. The total number of girls measured in 1995 and then followed up was 406. The present analysis considers only data collected during the dry season (March ± April), where a complete set of anthropometric measurements was available. Because of the population design of the study, some adolescents may have been absent during the visits. The main reason for the absences was the seasonal migration to the cities to work as maids (Be Âne Â®ce et al, 1999) . Most of the adolescents were located and measured in the cities, but in some cases it was impossible to ®nd them because their parents did not know exactly where they were living andaor there was no precise address in the suburbs or shanty town where they worked. Table 1 indicates the number of adolescent girls present at each round since 1995. With the exception of 1996, the coverage rate was fairly high: 80 ± 85%. In 1996, the number of girls (n 191) was lower than in the other rounds. The reason was that in 1996 it was not possible to organize a survey in the cities because of ®nancial restrictions, as was done in the subsequent rounds. Thus, the coverage rate was only 47% at that time.
To examine whether differences in the number of girls examined at each round could affect the comparisons, ie whether the growth status of absent girls differed from that of present girls, height and weight values observed in 1995, at the beginning of the survey, were compared between present and absent girls in subsequent rounds. Comparisons were done after adjusting for age differences by covariance analysis. There were no statistical differences in weight and height in 1995 between girls who were present or absent in 1996, 1998 and 1999 (Table 2 ). In 1997, absent girls were slightly but signi®cantly heavier than present girls ( 0.6 kg). Most of the absent girls in 1997 had already begun to migrate in 1995, and this would have in¯uenced their body mass at the onset of puberty (Be Âne Â®ce et al, 1999) . With this exception, no difference existed between absent and present girls with regard to their physical characteristics in 1995. The same demonstration was made for the other anthropometric measurements (not shown here). In 1995 none of these girls had experienced menstruation. In conclusion, it could be assumed that the presence or absence of the girls during the different rounds was randomly distributed and was not linked to a difference in growth or maturation. Thus, the comparability of data was considered acceptable.
Anthropometric assessment
At each round, the adolescents were weighed (kg) barefoot and lightly clothed with an electronic scale checked against standard weight (accuracy 100 g). Stature (cm) was measured twice with a portable Harpenden anthropometer with 1 mm precision. Subjects were standing on a platform, with their backs straight, looking at a horizontal plane. Sitting height (cm) was measured with the girl sitting on a stool with her back straight. For both measurements, a ®eld assistant helped the investigator to hold the instrument vertically. Bi-acromial and bi-iliac diameters (cm) were measured with the upper end of the Harpenden anthropometer. Measurements were taken twice and the means computed.
Skinfold thicknesses (mm) were measured to the nearest 0.2 mm using the Holtain calliper. The triceps, biceps, subscapular, supra-iliac, abdominal and medial calf skinfolds were measured after marking the sites on the left side of the subject following standard techniques (Lohman et al, 1988) . Measurements were taken twice and the means computed. If the difference between two measurements exceeded 0.4 mm, a second set of two measurements was taken. Mid-arm circumference (cm) was measured on the left side, with the arm relaxed, in the same plane as the triceps and biceps skinfolds. All measurements were taken from 1996 to 1999. In 1995, only weight, stature, arm circumference, and triceps and subscapular skinfolds were measured.
The ®rst author did all measurements in 1996 and participated in the subsequent rounds. At the beginning of each survey, standardization was done to estimate variations between observers. Measurements were also done in Mean (standard error of the mean). Fat distribution of Senegalese adolescent girls E Be Âne Â®ce et al duplicate by the observer to calculate an intra-observer coef®cient of variation. Interobserver coef®cients of variation were low for stature (0.2%), arm circumference (2.4%) and for diameters (2.7 ± 3%). They were higher for skinfolds (5.2% for tricipital and 10.8% for supra-iliac), but generally within the lower range of data reported in the literature (Malina, 1995; Lohman et al, 1988) . Using the Center for Diseases Control (CDC Atlanta) software, the following anthropometric indices were calculated: height for age (H ± age); weight for age (W ± age) and weight for height (W ± H), and were expressed as Z-scores. Adolescents were considered as stunted during infancy if at least one length measurement done in 1983 and 1984 (between 6 and 18 months of age) was below À2 Zscores of the NCHSaWHO reference (WHO, 1983) .
Puberty
Sexual maturity was determined according to the stage of breast development (Tanner, 1962) . Assessment was done by the ®rst author (EB) and a Sereer woman assistant. Adolescents were also asked about menarche status and, if the answer was yes, when it occurred. The ®rst modi®ca-tion in breast shape (B2 stage) denoted the onset of puberty. The longitudinal design of the study since 1996, when the girls were questioned every 4 or 6 months, enabled quality control of the response from one round to the other. At the beginning of the survey in 1995 and 1996, most of the girls were prepubescent and many simply did not understand the question; in such cases, their mothers were asked.
The aims of the survey were explained to the adolescents, parents and community leaders, and individual oral consent was requested. Examinations were conducted in the homes of the adolescents in the presence of their families or responsible adults.
Fatness and regional fat distribution
The sum of skinfolds was used as an indicator of overall subcutaneous fatness. The body mass index (BMI: weightaheight 2 ) was also calculated. Regional fat distribution was estimated using the pattern pro®le (Garn, 1955) where the Z-score of each skinfold was calculated: Z-score (observed valueÀmean value for the group)astandard deviation). Z-scores were independently calculated each year.
Principal component analysis (PCA) was also performed on the skinfold measurements taken during the 1999 round. It followed the protocol of Healy and Tanner (1981) modi®ed by Mueller et al (1982) . As a ®rst step, each skinfold was transformed into its natural log and then each log-transformed skinfold was regressed on the mean of the six log-transformed skinfolds. The residuals of regression were used in PCA. The ®rst step thus eliminated the total subcutaneous fatness component which accounts usually for 80% of variance (Baumgartner et al, 1986) . Factor scores obtained for each adolescent were generated and then compared according to previous nutritional status.
Statistics
Descriptive statistics, regression analysis, two-sample comparisons and multiple comparison tests (student t-test, analysis of variance and covariance) and PCA were done using the NCSS 2000 1 statistical software (Number Cruncher Statistical Systems, Kaysville, Utah, 1997). Comparison between nutritional groups throughout the 5 y survey was made using a repeated measurements ANOVA procedure in which stunting was the betweensubject factor and year of visit (or round number) the within-subject factor. For PCA, only components with eigenvalues greater than 1.0 were retained for analysis. Factor scores on the three principal components were calculated for each subject and integrated into subsequent comparison between stunted and non-stunted adolescent girls.
Results
The prevalence of preschool stunting (H ± age`À2 Zscores) for the total sample surveyed in 1983 ± 1984 was estimated at 31.7%. The initial status during infancy of girls termed stunted or non-stunted appears in Table 3 . Measurements of the last visit of the infancy study (November 1984) are reported. It could be observed that stunted girls had lower values than non-stunted girls for all measurements performed at this time. During infancy, stunted girls were not only shorter than normal girls (the difference being equal to 2 Z-scores) but also leaner and more wasted.
The timing of puberty may be related to previous nutritional status and thus constitutes a potential confounding Fat distribution of Senegalese adolescent girls E Be Âne Â®ce et al factor. Stages of pubertal development of previously stunted and non-stunted girls are compared in Table 4 . Results for 1995 are not indicated because data on breast development were not systematically collected and no girls had experienced menarche. There were no differences in breast development and occurrence of menarche between stunted and non-stunted girls. However, there was a nonsigni®cant trend toward earlier sexual maturation in nonstunted girls, most apparent in 1998. Menarche occurred in only two adolescents in 1996, nine in 1997, 40 in 1998, and 121 in 1999. According to breast development, during the ®rst round in 1995, the girls could be regarded as prepubescent. In 1996 about 60% were still pre-pubescent, but in 1997, the same proportion was pubescent. Finally, in 1999 about 72% were in the ®nal stages of breast puberty. The results of comparison between stunted and nonstunted girls throughout the study for the anthropometric measurements are summarized in Table 5 . Stunted girls signi®cantly differed from non-stunted girls in stature, skeletal breadth and body weight but not in BMI, arm circumference or for the sum of the six skinfolds. In the case of stature and sitting height and bi-iliac diameter, results for stunted girls were always lower than for nonstunted girls (Figure 1 ). However, there was a signi®cant interaction between stunting and year of visit for bi-acromial breadth and body weight, suggesting that, for these measurements, stunting effect varied according to the round number. Separate comparisons at each round showed that differences were signi®cant in 1996 and 1999 but not in 1997 and 1998 for bi-acromial breadth (Figure 1 ). There were no differences in weight between stunted girls and non-stunted girls after 1996 (Figure 2) . Finally, there were no signi®cant differences in arm circumference, the sum of six skinfolds, or the BMI between the stunted girls and the other girls (Figure 2) .
To examine the fat distribution of previously stunted and non-stunted girls, skinfolds were compared after Z-score transformation. Table 6 indicates the results of an ANOVA for repeated measurements. There was no interaction between stunting and year of visit. Stunted adolescent girls differed signi®cantly in biceps and sub-scapular values. Figure 3 indicates the direction of differences. It a F-ratio and P-value of the interaction term between within-and between-subject factors.
Fat distribution of Senegalese adolescent girls E Be Âne Â®ce et al suggests a somewhat greater subcutaneous fat deposition in the upper part of the body in stunted adolescent girls. As a complementary approach a PCA was performed on the six skinfolds. Only data for the 1999 round were used to simplify the interpretation of the PCA. Factor loadings of the residual of log-transformed skinfolds are summarized in Figure 4 . Three components with eigenvalues greater than 1.0 and explaining 70% of the total variance were retained. The ®rst component explained 33.3% of the total variance. It contrasted extremity (positive loadings) and trunk (negative loadings) skinfolds, and thus was a trunk-extremity component. The second component contrasted the triceps and subscapular skinfolds (negative loadings) with the biceps, supra-iliac and umbilical skinfolds (positive loadings), suggesting a difference between the anterior and posterior sites of the body. It explained 19.7% of the variance. The third component indicated a greater difference between the biceps and sub-scapular skinfolds (positive loadings) and supra-iliac and medial calf skinfolds (negative loadings), suggesting a contrast between the upper and lower parts of the body. It represented 17% of the variance.
Factor scores were calculated for all adolescents and comparisons were made between girls who were stunted and non-stunted during infancy. Individual factor scores for the three components are shown in Figure 5 . There were no differences between previously stunted and nonstunted girls in the ®rst and second principal components. Fat distribution of Senegalese adolescent girls E Be Âne Â®ce et al However, differences were signi®cant for the third component: stunted girls had higher values, suggesting proportionally more subcutaneous fat on the upper sites, trunk and limb of the body.
Discussion
Adolescent girls stunted during infancy still continue to be short in stature throughout puberty compared to normal girls; however they catch up in body mass, and no signi®cant differences persist in arm circumference and adiposity indices. However, relative subcutaneous fat distribution differs during puberty between stunted and nonstunted girls.
Several problems can potentially confound interpretation of data. An important ®rst issue is that of the tracking of H ± age from infancy to adolescents, since some girls may have caught up in growth after the 1984 survey. Logistic regression indicates that nutritional status during infancy adequately classi®es H ± age in 80% of the girls. Conversely, some girls may have failed to grow after the 1984 survey. Indeed 50% of the girls were not measured after 12 months of age. Unfortunately, the follow-up was interrupted after 1984. Under such conditions, the present data re¯ect only the effect of early stunting on later growth. Finally, another problem is that of inheritance of short stature. The mothers of the adolescents were also measured in the 1984 survey and there was a small but signi®cant difference between mothers of stunted and non-stunted infants: 161.5 AE 5.8 vs 159.4 AE 4.7 cm (P`0.004); there were no differences in weight and arm circumference. This difference may not have been due only to a genetic Figure 3 Comparison of age-adjusted (year) skinfold Z-scores between previously stunted and non-stunted girls. Table 6 Summary of an analysis of variance for repeated measurements between stunted and not stunted girls for Z-scores of 6 skinfolds
Mean squares
Z-scores
Between subjects (stunting) Within subjects (visits) F-ratio (3, 393) P Figure 4 Factor loadings of the residual of the log-transformed skinfolds (Tric: tricipital; Bic: bicipital; Subscap: subscapular; Supil: supra-iliac; abdominal and calf) on the three principal components.
Fat distribution of Senegalese adolescent girls E Be Âne Â®ce et al factor but may also have been due to an environmental factor, ie an effect of chronic malnutrition operating through generations, with nutritionally stunted mothers giving birth to stunted babies (Thame et al, 1997) . In this discussion, it is assumed that growth retardation is mainly the consequence of chronic malnutrition. There were no signi®cant differences in pubertal status according to stunting during infancy, although a trend toward earlier maturation for non-stunted girls was apparent in 1998; 60% of the girls still did not experience menarche. Nevertheless, pubertal timing was not a confounding factor in the interpretation of the present data. Sereer adolescents display a marked delay in puberty compared with European and American samples (Malina & Bouchard, 1991) and with urban Senegalese or Cameroonian girls attending school (Pasquet et al, 1999; Sarr et al, 1998) . This issue has been reported previously (Be Âne Â®ce et al, 1999; Simondon et al, 1997) .
During the follow-up, differences in linear growth reported in 1984 persisted in 1999 between previously stunted and non-stunted girls, whereas differences in weight, arm circumference and subcutaneous fat were no longer signi®cant. This is interesting, since stunted girls in infancy not only displayed marked growth retardation but also an important degree of wasting. This means that, before and during puberty, stunted girls caught up with some components of body composition, ie muscle mass, as represented by arm circumference, and fatness as represented by W ± H, BMI and skinfolds. Changes in body composition and body dimensions are not uniform throughout puberty. Our data suggest that, prior to and at the onset of puberty (B2 to B3 stage), there was an important catchup in total body mass with accretion of subcutaneous fatness. The question of a complete catch-up in stature in the later stages of puberty is still open. An analysis of height gain for all 12 ± 17-y-old adolescent girls seen in 1995 shows a greater mean increment after 15.5% y of age in previously stunted girls (Simondon et al, 1998) . This is an important point to consider: while their ®nal adult stature may be signi®cantly reduced compared with nonstunted girls, individually, stunted girls may have greater increments during puberty. At the end of the present study, we will have more data to discuss this subject. The degree of catch-up growth for previously malnourished youth and of compensation during puberty is still a matter of debate and depends on the population being studied (Martorell et al, 1994) .
The present ®ndings point to a dimorphism in regional distribution of subcutaneous fat between previously stunted and non-stunted adolescents. Both approaches (Z-score pro®les and PCA) suggest that stunted girls had a greater accretion of subcutaneous fat in the upper part of the body than non-stunted girls, independently of total subcutaneous fatness. This pattern was stable and did not appear to be related to the pubertal status. In contrast, total subcutaneous fatness was related to pubertal status. To our knowledge, this trend has not yet been reported in African adolescents who were malnourished in infancy. However, a study of preschool Venezuelan children with de®cits in weight-forage indicates higher adiposity in the upper part of the body (Perez et al, 1997) . Greater subcutaneous fat deposition on the trunk at the onset of puberty and a tendency to accumulate less after 14 y has also been reported (Baumgartner & Roche, 1988) . This trend was also apparent in the present study. Studies of well-nourished adolescents in developed countries indicate a different pattern. For example, American adolescent girls of African ancestry have proportionally less subcutaneous fat on the trunk compared to the extremities than Asian or Mexican American girls .
Regional fat distribution during adolescence, independently of total body mass, is largely regulated by sex steroids, cortisol, insulin and growth hormone (Roemmich & Rogol, 1999) . There are complex interactions between hormonal axes which remain unclear. Mildly stunted girls 7 ± 11 y of age in shanty towns of Sa Äo Paulo (Brazil) had higher waist ± hip ratios than non-stunted girls. The authors suggest that hormonal changes due to malnutrition could lead to greater susceptibility to body weight gain with a high-fat diet (Sawaya et al, 1998) .
Sereer adolescents apparently demonstrate a potential for improving their nutritional state during puberty and for catch-up in certain anthropometric dimensions. Complex adjustments in total fatness and fat distribution are likely to occur during this period, though the precise mechanisms for this are not known. There is no explanation for the higher fat deposition in the upper part of the body in stunted girls, but it may represent transitory changes in fatness under the in¯uence of hormonal stimulation during puberty.
